Ciliates have been reported as pathogens of many species of economically important bivalves. Mussel protozoan X (MPX), is an uncharacterised intracellular ciliate of mussels and has been widely reported in Mytilus spp. around the world. In order to characterise this ciliate, Mytilus edulis samples were collected from a site on the West coast of Scotland, and four different fixatives for histological examination were tested. Fresh preparations of mussel digestive glands were also examined by laser scanning confocal microscopy. Intracellular ciliates were prepared by laser capture microdissection and partial sequences of small subunit ribosomal RNA gene and of large subunit ribosomal RNA gene were generated, using Phyllopharyngea primers. Methacarn solution proved to be the best fixative for both histological and molecular characterisation. The morphological and molecular investigations confirmed that this ciliate belongs to the class Phyllopharyngea, order Rhynchodida. However, this organism does not belong to any known family, genus or species, therefore, a new description is necessary, following further morphological analyses. Most mussel samples containing MPX displayed mild to moderate infections, with no signs of necrosis or haemocytic response, although a single sample displayed a severe infection (~10 3 ciliates per section). The localisation of this ciliate in tissues other than the digestive gland, the presence of necrosis in infected tissue of the most severely infected mussel and the binary fission of this ciliate have been observed here for the first time. We also report the first observation of the live ciliate isolated from tissue. Although MPX remains of unknown significance to the mussel industry, tools and protocols described here will be useful in further characterising these and other ciliates (subclass Rhynchodia) known as pathogens for bivalves.
Ciliates, ubiquitous protozoans belonging to the phylum Ciliophora, have been reported in many species of economically important bivalves, including mussels (Zeidan et al., 2012) .
Some of them are extracellular, and live as commensals in the lumen of the digestive gland tubules and acini, such as Stegotricha enterikos Meyer, 1993 (Bower and Meyer, 1993) or Ancicostroma sp. (Cova et al., 2015) , or in association with or attached to the gills, such as Trichodina spp. (Xu et al., 2000) . However, some can also invade the extrapallial space and coelomic cavity, for example orchitophryid ciliates (Elston et al., 1999) . Others are intracellular and parasitise gills, such as Sphenophrya sp., which causes xenomas (McGurk et al., 2016) , or live in digestive tubule epithelia without signs of haemocytic response, such as the uncharacterised "mussel protozoan X" (MPX), (Gombac et al., 2008; Spiers, 2008; Villalba et al., 1997) , which is the subject of this study.
MPX is a common and widespread associate of mussels and has also been reported as a "Ciliophora-like organism" (CILO) (Robledo et al., 1994) , "Rhynchodida-like ciliate" (Gombac et al., 2008) , "intracellular ciliate of mussels" or "digestive gland ciliate" (Bower, 2013) . MPX is found in digestive tubule epithelia of Mytilus edulis Linnaeus, 1758, Mytilus trossulus Gould, 1850 and Mytilus galloprovincialis Lamarck, 1819, and is suggested to belong to the class Phyllopharyngea (see Bower, 2013) .
Following the classification reported by Lynn (2008) , the class Phyllopharyngea comprises four subclasses: Cyrtophoria, Chonotrichia, Rhynchodia and Suctoria (Lynn, 2008) .
Rhynchodians are found particularly in gills of mollusca and other invertebrates (Lynn, 2008) . MPX has previously been reported as a Rhynchodida-like ciliate (Gombac et al., 2008) , this being one of the two orders of the Rhynchodia subclass. The members of the subclass Rhynchodia are characterised by a single suctorial tube lined with microtubular phyllae, called a "tentacle" and visible as a protuberance located at the anterior end of the ciliate, while the two orders, Hypocomatida Deroux, 1976 and Rhynchodida Chatton et Lwoff, 1939 , can be discriminated by the distribution of kineties (rows of flagella / cilia), (Lynn, 2008) . Some hypocomatids are predators of suctorians and peritrichs, while others are parasites of ascidians and barnacles (Lynn, 2008) . On the other hand, rhynchodids are considered obligate parasites of bivalves (Lynn, 2008) . However, they have also been reported in other molluscs and invertebrates with a narrow host preference, although adjacent hosts can also be infected (Lynn, 2008) . The intensity of infection of these ciliates rarely reaches levels that cause damage to their hosts (Lynn, 2008) .
MPX has been described as a drop, pear, or spindle-shaped organism, covered with nine oblique rows of cilia encircling the cell, and a longest axis length varying between 3.9-16 µm, while the smallest axis length varies between 2.3-8.4 µm (Robledo et al., 2014; Gombac et al., 2008; Spiers, 2008; Villalba et al., 1997; Figueras et al., 1991) . In histological sections, the nuclear apparatus has been described as being polymorphic, oval to globular, multi-lobed or fragmented into several nuclei of varying size, sometimes condensed into a macronucleus (Robledo et al., 2014; Gombac et al., 2008; Spiers, 2008; Villalba et al., 1997; Figueras et al., 1991) . A densely staining rod, similar to a cytopharyngeal structure, has been noted by some authors (Spiers, 2008) .
In several studies, MPX has been observed in the digestive cells of the secondary digestive tubules of mussels, but not in pyramidal basophilic cells (Robledo et al., 1994; Figueras et al., 1991) , and, in particular, it has been reported within the apical portion of the cytoplasm of the digestive tubule epithelia, inside vacuoles (Spiers, 2008; Villalba et al., 1997) . More than one MPX has often been found in a single infected tubule and, more rarely, up to two MPXs have been observed in the same host cell (Gombac et al., 2008; Spiers, 2008; Villalba et al., 1997) . In moderate infections, MPX has also been observed in the lumen of digestive tubules (Gombac et al., 2008) .
Despite the ability of these ciliates to disrupt the cells of the digestive tubules during heavy infections, (Bower, 2013) , no signs of haemocytic response, mortality or growth reduction have been reported in mussels (Robledo et al., 2014; Bower, 2013; Gombac et al., 2008; Spiers, 2008; Villalba et al., 1997; Figueras et al., 1991 ). However, during 2001 -2002 infection with a Rhynchodid-like ciliate, similar to MPX, was reported in the digestive tubules of silverlip pearl oysters, Pinctada maxima (Jameson, 1901) in Western Australia (Spiers, 2008; Spiers et al., 2008) . In the outbreak reported in the silverlip pearl oysters, the presence of the intracellular ciliate was significantly correlated to the severity of the host's haemocytic response (Spiers, 2008; Spiers et al., 2008) . Affecting only silverlip pearl oysters under 70 mm, the outbreak was not considered to be a major risk to the pearl industry, however, it was supposed that the parasite was associated with the mortality of the smaller oysters (Spiers, 2008 ).
In mussels, MPX has been observed in several European countries and in Canada (Broughton, 2016; Bower, 2013; Carella and De Vico, 2012; Bignell et al., 2011; Villalba et al., 1997; Figueras et al., 1991) with an observed prevalence of less than 1% (Gombac et al., 2008) up to 100% (Bower, 1992) . Although MPX has been widely reported, its characterisation is still uncertain. The aim of the present study was to better morphologically and molecularly characterise this ciliate in Mytilus edulis in Scotland. The development of diagnostic protocols for the characterisation of MPX could provide a useful contribution to the investigation of this and other members of the Phyllopharyngea, some of which are considered obligate parasites of bivalves, and others intracellular organisms in shellfish.
Materials and methods

Samples
From April to June 2017, five separate samplings of 10 mussels each were collected from the West coast of Scotland from a population of wild mussels previously known as MPX positive (N 56° 29′ 41.8534″, W 5° 27′ 23.3744″). The samples were stored at 4°C until processed. Within 24 h from collection, the shell of each animal was measured and a single identification number was given to each shellfish. Digestive diverticula were collected and half of the digestive gland was individually fixed in 10% buffered formalin, used as a reference fixative, and the other half was randomly fixed in PAXgene Tissue FIX Container (Pg) (Qiagen, Germany), 95% ethanol (95% EtOH), or Methacarn (MthC) solution (Puchtler et al., 1970) , for histological examination. In addition, a small amount of digestive gland of each sample was fixed in 95% EtOH, and in MthC for molecular examination. Small sections of the digestive gland of some individuals were also collected for fresh examination to in order to recover live ciliates.
Histological examination
Formalin fixed samples were processed according to standard procedures. In order to avoid formalin contamination, Pg fixed samples were manually processed as reported in the PreAnalytiX supplementary protocol following the manufacturer's instruction, while MthC fixed samples and 95% EtOH fixed samples were processed using the following protocol: absolute ethanol for 1 h and 30 min (3 changes), Xylene for 1 h (2 changes), and Paraffin (60°C) for 2 h (2 changes). After the paraffin embedding, 5 µm sections were stained with haematoxylin and eosin (H&E) and examined using an Olympus BX53 microscope. The severity of the infection was evaluated when samples proved positive at 20× magnification, and was classified as follows, based on the number of ciliates per slide in a histological section: mild (less than 20 ciliates), moderate (20-50) and severe (more than 50), as described by Gombac et al. (2008) . 
Laser scanning confocal microscopy
From MPX positive formalin fixed samples, slices of 5 µm were cut and stained with eosin and 4',6-Diamidino-2-Phenylindole (DAPI) (Molecular Probes, Invitrogen) for nuclear staining. In summary, some drops of 300 nM solution of DAPI dissolved in deionised water were added to the slides after eosin staining and kept in the dark for 15 min. After that, the excess DAPI stain was removed through a water wash, and the slides were dehydrated following standard procedures for histological sections. A Leica SP2 AOBS confocal scanning laser microscope (CSLM) and a DM TRE2 inverted microscope (Leica Microsystems) were used to observe the prepared slides.
Fresh examination
A small section of digestive gland was compressed between the slide and the coverslip with a drop of filtered sea water and examined using Differential Interference Contrast (DIC) fitted to an Olympus BX53 microscope in order to find the MPX in the tissue.
Laser capture microdissection
In order to collect MPX for molecular analyses, laser capture microdissection was performed. To evidence MPX in the digestive tubule cells, 3 µm sections were cut from paraffin embedded blocks, dehydrated, and stained with H&E or with 0.01% ethidium bromide for 3 min. The collection of MPX was applied after 20 µm infra-red (IR) laser cutting using Arcturus ® CapSure macro LCM caps (Applied Biosystems, USA) with an Arcturus ® Laser Capture Microdissection system (Thermo Fisher Scientific) in bright light for H&E stained slides and triple filter fluorescent light (Triple Dichroic filter, DAPI/FITC/TRITC, Excitation (nm) = 385-400/475-493/545-565, Emission (nm) = 450-465/503-533/582-622) for 0.01% ethidium bromide stained slides. In order to obtain a sufficient number of MPX per cap, only the samples that were scored as severely infected were used.
DNA extraction
DNA was extracted from 25 mg of 95% EtOH or MthC fixed digestive glands using DNA Blood & Tissue kit (Qiagen, Germany). DNA from MPX collected with the laser capture microscope was extracted using Arcturus ® PicoPure DNA extraction kit (Applied Biosystems, USA) following the manufacturer's instructions.
Phyllopharyngea primers design, PCR, and sequencing
Gene sequences for α-tubulin, small subunit ribosomal RNA (SSU) and large subunit ribosomal (LSU) RNA of Phyllopharyngea were retrieved from the GenBank database and aligned using Bioedit software (Hall, 1999) . Based on the alignment, conserved regions in Phyllopharyngea for each gene were chosen and sets of primers were designed. Primers were tested in silico for specificity to Phyllopharyngea, whilst excluding Mollusca using Primer Blast against the GenBank nr-database. This resulted in the primers reported in Table 1 . Gradient PCR was carried out on DNA of histologically positive samples with each primer pair to determine the optimum annealing temperature and to ensure specific amplifications using MyTaq™ mix (Bioline, UK). The following PCR protocols were applied: an initial denaturing step at 95 °C for 1 min, followed by 38 cycles of denaturation at 95 °C for 15 s, annealing for 15 s at 60 °C for α-tubulin, 68.5 °C for LSU, and 61 °C for SSU amplification, denaturation at 72 °C for 30 s, and a final step of 72 °C for 7 min as elongation. For each set of primers, DNA from three histologically positive samples (low, mild, and severe MPX infection) and three histologically negative samples were tested. PCR products were purified through QIAquick PCR Purification kit (Qiagen, Germany), or with QIAquick Gel Extraction kit (Qiagen, Germany) when the PCR produced more than one segment of amplification, and sequencing was outsourced to GATC Biotech.
Phylogenetic analysis
The sequences obtained were compared with GenBank sequences using nucleotide BLAST. The phylogenetic analysis was conducted including the sequences of Phyllopharyngea species deposited in GenBank and, whenever possible, the sequences of the species that showed the highest similarity with the obtained sequencing products in BLAST for each family of Ciliophora reported by Gao et al. (2016) . The phylogenetic tree was generated using maximum-likelihood probability with a PhyML mode through Seaview software with 1000 bootstrap replicates (Gouy et al., 2010) .
MPX primer design, PCR, and sequencing
In order to develop a more specific and sensitive PCR for MPX, sets of internal primers were designed on SSU sequence, obtained as described above, using Primer Blast. The following set of internal primers, amplifying a 405 bp segment, was chosen after checking on Primer Blast to avoid non-specific amplifications: SSU MPX F 5ꞌ-ATA CGA ATG CCC CCA ACT GT-3ꞌ and R 5ꞌ-AGG AGC CTG AGA AAC GGC TA-3ꞌ.
PCR was performed using MyTaq™ mix (Bioline, UK) with the following thermal protocol: denaturation step of 95 °C for 1 min, followed by 35 cycles of 95 °C for 15 s, 65.5 °C for 15 s and 72 °C for 30 s, followed by a final step of 72 °C for 7 min. To be sure to have amplified MPX DNA and to exclude the amplification of other ciliates, this PCR was applied on DNA extracted from MPX collected through laser dissection capture. The products were then sequenced and aligned with SSU sequence obtained as previously described. In addition, 15 histologically positive samples and 15 histologically negative samples, fixed in 95% EtOH and MthC solution, were tested with MPX PCR.
Results
Samples
The length and maximum width of Mytilus edulis were 5.55 cm (± 1.06 cm) and 2.71 cm (± 0.68 cm), respectively.
Histological examination
Fifteen samples out of 50 were observed to be infected with MPX, showing a prevalence of 30% (C.I. 95%, 17.30-42.70 ). The severity of infection was low (less than 20 ciliates per slide) in 12 out of 15 positive samples (80%), mild in one sample (21 ciliates per slide) (7%) and severe in two samples (51 ciliates per slide in one sample and more than 10 3 in the other) (13%).
No haemocytic response was observed around the infected digestive tubules. In the sample with more than 10 3 ciliates per slide, the disruption of some digestive tubule cells was observed ( Fig. 1 a) with free ciliates in the lumen. This digestive gland was obtained from a mussel of 6.5 cm in length and 3.6 cm in width. No gross lesions were observed during the sampling. At histological examination, no signs of colliquative necrosis or epithelial atrophy were observed in the digestive tubules of this sample, but an enlargement of the digestive cells and the presence of lipofuscin granules were observed (Fig. 1 a) . In the same sample, ciliates were found in the connective tissue around the digestive tubules that sometimes appeared necrotic ( Fig. 1 b) , but no signs of phagocytosis and/or encapsulation of the ciliates were observed, despite the fact that some haemocytes were noticed. Free ciliates were also found in the stomach lumen ( Fig. 1 c) and in the ovarian tissue, with tissues appearing necrotic but lacking evident signs of haemocytic response ( Fig. 1 d) .
In the most intensively infected sample, up to 50 ciliates per digestive tubule were observed, but not every tubule appeared infected and up to two MPXs per cell were found (Fig. 2) . The length and the maximum width of the ciliates were 11.31 (± 1.70) µm (range 9.19 -19.78 µm) and 7.81 (± 1.14) µm (range: 5.85 -9.94 µm), respectively, and they appeared pear-shaped. Different stages of the ciliate were found, most of them showed . Some ciliates were found to be undergoing division inside the intracellular vacuoles (Figs. 3b). The division appeared as a transverse isotonic binary fission with the macronucleus in division and an accumulation of chromatin at the two poles followed by cytokinesis. Sometimes, the two micronuclei were evident as slightly stained objects at the two poles (Fig. 3b ). In some ciliates, a structure similar to a cytopharynx was observed ( Figs. 3 a) .
An assessment of the different fixatives tested suggests that formalin fixed samples showed the best performance, with good conservation of the integrity of the tissue and an evident staining of the ciliates, followed by MthC solution and then by 95% EtOH fixed samples. In Pg fixed samples, nuclei of the ciliate were not very well stained in comparison to the cytoplasm and the ciliate was thus difficult to localise at 20× magnification. In all fixatives, the cilia were visible in some ciliates stained with H&E at 100x magnification using an Olympus BX53 microscope.
Laser scanning confocal microscopy
DAPI staining highlighted several nuclear patterns under confocal laser microscopy examination. Most ciliates appeared with several round nuclei without a clear connection between them (Fig. 4 a) . Some ciliates showed a larger macronucleus with or without several smaller nuclei (Figs. 4 a-c) , and sometimes the macronucleus was observed to be undergoing division (Fig. 4 b) . In some ciliates, very small DAPI stained corpuscles were found at one or both poles of the macronucleus (Fig. 4 c) . At the centre of the small nuclei, a non-DAPI stained round corpuscle was observed ( Figs. 4 d-f ). No multi-lobed or fragmented macronuclei were observed. No consistent pattern or grouping of subset dimensions of nuclei was evidenced and a maximum of 18 small nuclei were observed in any single ciliate.
Fresh examination
Ciliates were observed live, showing a slow, circular motion, moving inside the digestive gland tissue, but some ciliates were found free swimming on the slide, outside the tissue (Fig. 5 a) . The body was observed to be banana-shaped, the length and the maximum width were respectively 20.50 (± 2.97) µm (range 15.67 -21.62 µm) and 5.89 (± 2.27) µm (range: 2.00 -7.80 µm), respectively, with cilia 8-9 µm long. Cytoplasm appeared colourless or greyish and several small round organelles were observed.
Laser capture microdissection
Ethidium bromide staining was demonstrated to be the most efficacious method to identify MPX, since the nuclei can be clearly highlighted ( Fig. 5 b) , allowing collection of more than 1,000 MPX per slide compared with around 400 MPX through H&E stained slides.
No difference was noticed between formalin, 95% EtOH and MthC fixed samples in the collection of MPX. No Pg fixed samples were severely infected and, therefore, these samples were not used in the laser dissection capture procedure. 
Phyllopharyngea PCR and sequencing
Phylogenetic analysis
Through phylogenetic analysis, the LSU sequence clustered with the Phyllopharyngea species with the closest relationship being to Hypocoma acetinarum (GenBank acc. no. KM222157) with moderate support (89% ML) (Fig. 6) . The phylogenetic analysis of SSU showed similar results. The SSU sequence clustered with the Phyllopharyngea species and, also in this case, was closest (64% ML) to Hypocoma acetinarum (GenBank acc. no. JN867019) (Fig. 7) .
MPX PCR and sequencing
Using the MPX specific primers, the laser capture extracted DNA tested positive both in 95% EtOH and in MthC fixed slides, and both in H&E and in ethidium bromide staining slides. No amplification was obtained from formalin fixed slides. The sequencing of the 405 bp PCR products showed a 100% homology with the SSU sequence obtained from the severely infected sample. All histologically positive samples, and five out of 15 histologically negative samples tested positive with MPX amplification. No difference was observed between 95% EtOH and MthC fixed samples.
Discussion
MPX has been previously reported in UK mussels with a prevalence of between 20% and 90% in Shetland, Scotland (Broughton, 2016) , and between 3% and 25% in South West England (Bignell et al., 2011) . Thus the prevalence seen in the present study (30%) was in accordance with previous studies for U.K..
In a study undertaken on the Slovenian side of the Adriatic Sea, Gombac et al. (2008) described a mild infection intensity in 94% of positive mussels and moderate in 6%. In the current study, 13% (2/15) of the positive samples had a severe infection with an extremely severe infection in one sample. To the best of our knowledge, a similar intensity of infection has not been previously reported in mussels, but it could be compared with the intensity described by Spiers et al. (2008) in silverlip pearl oysters, where three samples out of 10,000 showed 59, 62 and 65 MPX-like ciliates in a field at 40× magnification. Nonetheless, this was only observed in a single individual mussel.
As previously reported (Gombac et al., 2008; Villalba et al., 1997; Robledo et al., 1994; Figueras et al., 1991) , no signs of haemocytic response were seen in positive samples and a disruption of some cells of the digestive gland was visible only in the severely infected sample. The lipofuscin accumulation observed in infected digestive cells could be a sign of degeneration of the cells due to the MPX presence. In molluscs, the presence of this degeneration in digestive cells has been correlated to exposure to pollution but it has also been reported as pathogen-related (Carella et al., 2015) . In the heavily infected sample, the localisation of the ciliate in connective and ovarian tissue and the necrosis of these tissues without signs of evident haemocytic response were also observed. In bivalves, some parasites are able to evade the haemocytic response, being intracellular, such as Bonamia spp. (Carella et al., 2015) . For other intracellular protozoa such as Microcytos mackini Farley, Volf et Elston, 1988 , the haemocytic response is due predominantly to the necrosis of the tissue (Carella et al., 2015) . Marteilia refringens Grizel, Comps, Bonami, Cousserans, Duthoit et Le Pennec, 1974 reaches the epithelial digestive cells through the epithelia of the stomach and intestine but the host response only appears after the disruption of digestive epithelium. The lack of haemocyte infiltration surrounding MPX infected digestive tubules could be correlated with the absence of a massive disruption of this epithelium. The observation of MPX in the lumen of the stomach could support the hypothesis that these ciliates enter through the alimentary canal after its ingestion (Spiers, 2008) . However, this localisation was observed only in the extremely infected sample and thus might alternatively be a result of parasite exit and a route to infect other digestive tubules. On the other hand, the reported observation of the localisation of the MPX in other tissue than digestive gland does not exclude a route of entry similar to that of M. refringens, reaching the digestive gland after crossing the stomach and intestinal wall.
To amplify the DNA of the MPX, a fixative that allows both an easy histological identification and the count of this ciliate per slide, in addition to the amplification of DNA following laser capture microdissection, is required. In this study, 10% buffered formalin was the best fixative for histological examination but the amplification of DNA failed in these samples. The MthC solution is known both to preserve the tissue morphology, similarly to formalin, and to maintain the integrity of DNA (Buesa, 2008) . Due to the dual purpose of the present work (i.e. exploring an easy way to identify MPX in the tissue, and amplifying its DNA), MthC was found to be the best fixative of those tested.
Ciliates are characterised by having two types of nucleus, a germinative micronucleus and a somatic macronucleus, and two methods of reproduction, i.e. binary fission and conjugation (Morgens et al., 2013; Lynn, 2008) . In previous studies, the observation of macronuclear division in MPX has not been reported. However, in the present study, several macronuclei were found to be dividing in the severely infected sample when observed in histological sections by light and laser scanning confocal microscopy. The division appeared as a binary fission, as reported in other Rhynchodida (Bower and Meyer, 1993 ). The number of nuclei observed in the present work at histological examination (up to 14) was in accordance with Robledo et al. (1994) who reported from 1 to 13 nuclei.
From the laser scanning confocal examination after DAPI staining, the small nuclei observed at histological examination in the MPX were observed as spherical separated nuclei, varying in dimension and numbering up to 18. In the observed fission division stage, the presence of only one micronucleus was observed, thus the other small nuclei could be macronuclei, and a nuclear arrangement similar to Urostyla grandis Ehrenberg, 1830 could characterise MPX. In U. grandis multiple macronuclei fuse into a big macronucleus within a few minutes before the division (Prescott, 1994) . In a previous MPX electron microscopy observation, the nucleus of MPX was supposed to be multilobed and an electrodense organelle was observed in the middle of the lobes of the nucleus and it was supposed to be the nucleolus of the multilobed nucleus (Spiers, 2008) .
In the present work, DAPI staining evidenced that nucleus of MPX is not multilobed and the round corpuscle at the centre of the small nuclei was not nuclear material. It could be the contractile vacuole.
The current study has allowed description of MPX as a free-swimming ciliate in a wetmount preparation for the first time. The typical nuclear pattern was recognizable also in the free swimming MPX. To our knowledge, this is the first description of this ciliate as a free organism, and not only intracellularly located. MPX has been previously described as Rhynchodida-like (Gombac et al., 2008) and the fresh observation of this ciliate in the present work agrees with an assignment of the membership of MPX to this order. The presence of somatic kineties which cover the entire body, and the lack of a posterior adhesive region, are typical of the order Rhynchodida (see Lynn, 2008) . Only two families are present under this order, i.e. Sphenophryidae Chatton et Lwoff, 1921 and Ancistrocomidae Chatton et Lwoff, 1939 . The first one has an intracellular adult trophic stage of various shapes (Lynn, 2008 , Raabe, 1970 . This stage preserves the kineties but it is unciliated while in the tomite stage the cilia are acquired on kineties (Raabe, 1970) . The Ancistrocomidae are characterised by a pear or banana-shape body, a pointed anterior end, and an apical sucker (Lynn, 2008 , Raabe, 1970 . Both are parasites of Mollusca but Ancistrocomidae are free-swimming or attached to the host, and are not intracellular (Lynn, 2008 , Raabe, 1970 . In terms of intracellular behaviour, MPX is more similar to the Shenophryidae, however, morphologically it is very similar to Ancistrocomidae. Furthermore, the presence of multiple macronuclei, that characterises MPX, has not been reported in Shenophridae or Ancistrocomidae, suggesting that MPX belongs to a distinct family.
Due to the small dimensions of MPX, laser capture microdissection from unstained tissue was not possible, since the cells were rarely visible. For this reason, H&E and ethidium bromide were tested. Both staining methods allowed identification of MPX in 3 µm sections, with best results obtained using ethidium bromide.
Most investigations of Ciliophora phylogeny are based on SSU rDNA, however, more recently a revised classification of this phylum has been published using three additional gene regions: ITS1-5,8S-ITS2 rDNA, LSU rDNA and α-tubulin (Gao et al., 2016) . In the present work, the three genes SSU rDNA, LSU rDNA and α-tubulin were also employed.
Despite failure of the α-tubulin gene amplification for MPX, the amplification of SSU rDNA and LSU rDNA resulted in sequences with most similarity to an uncultured phyllopharyngid sequence (85.69%) (Sauvadet et al., 2010) , and to an uncultured ciliate sequence (86.45%) (Laffy, 2011) . The first sequence corresponds to a phyllopharingeal ciliate sequence obtained from a genetic library of samples collected from the pallial cavity fluid of deep water mussels Bathymodiolus thermophilus Kenk et Wilson, 1985 (see Sauvadet et al., 2010) , while the second sequence corresponds to a ciliate found in the hypobranchial gland of the sea snail Dicathais orbita (Gmelin, 1791) (see Laffy, 2011) .
The phylogenetic analysis of both of these genes, showed that the MPX sequences clustered with H. acetinarum. Despite two orders (Hypocomatida and Rhynchodia), three families (Hypocomidae, Ancistrocomidae and Sphenophiryidae) and, overall, 29 genera and one incerta sedis (Lynn, 2008) , H. acetinarum, accepted name Enigmocoma acetinarum, Hypocomatida, Hypocomidae, is the only member of the subclass Rhynchodia with a deposited sequence in GenBank. Most genera of this subclass are parasites of invertebrates, and particularly of bivalves (Lynn, 2008) , however, there is a lack of molecular analyses of the members of Rhynchodia. The phylogenetic analysis performed in the current study, therefore, was not able to identify the order and the family of MPX.
The moderate support of LSU (89%) and SSU (64%) MPX sequences with H. acetinarum confirmed the membership of MPX within the subclass Rhynchodia but does not support inclusion in the order Hypocomatida, hwoever, no sequence of members of the Rhynchodida order (Ancistrocomidae and Sphenophiryidae families) have been deposed in GeneBank database for direct comparison. In the case of SSU gene, the lower support could be due to the greater number of Phyllopharyngea sequences deposited in GenBank compared to LSU Phyllopharyngea sequences, and consequentially to a more accurate analysis. The use of a short segment of SSU (653 bp) and LSU (450 bp) genes for phylogenetic analysis might have generated some artefactual structures in the phylogenetic tree, such as the clustering of the two chonotrichian species within the Cyrtophoria subclass in the SSU phylogenetic tree (Fig. 14) . However, the phylogenetic analyses of both genes (SSU and LSU) confirmed the same close relationship of MPX with H. acetinarum, excluding a misplacing of MPX.
A previous tentative molecular characterisation of the ciliate of silverlip pearl oysters was conducted by Spiers (2008) , but molecular investigation failed to amplify the DNA of the ciliate from formalin fixed samples. On the contrary, the protocol applied in the present study successfully characterised the MPX organisms.
The PCR using the primers designed on the SSU sequence confirmed the amplification of MPX DNA. In addition, this MPX amplification confirmed all histologically positive samples although it also gave positives for five out of 15 histologically negative samples.
In the study of Spiers et al. (2008) of an MPX-like parasite from silverlip pearl oysters, the histological examination showed a sensitivity of 38.86%. The MPX PCR products reported in the present study could represent a more sensitive detection method to detect MPX than traditional histology, however, the specificity of this PCR method should be tested on several ciliates of bivalves to exclude their accidental detection. The investigation of MPX in oyster samples and more generally in other bivalve species could be important in gaining an understanding of the host and tissue preferences of this ciliate and potentially its portals of entry and detailed life cycle. In addition, the use of PCR protocols described in the current study could confirm or exclude a correlation between MPX and the silverlip pearl oyster ciliate.
In the present work, several approaches to MPX characterisation were employed and assessed. Although the significance of MPX to the mussel aquaculture industry has been assumed to be negligible, a number of protocols have been developed in this study that may prove useful for the investigation of MPX and similar organisms in bivalves more widely, and may help in assessment of biology and impact. For the first time, a severe MPX infection in Mytilus spp. has been reported, which also showed tissue localisation in areas outside the digestive gland. The presence of tissue necrosis in this specimen appears to suggest the possibility of a pathogenic action of MPX when this ciliate localises in tissues different from the digestive gland epithelium. However, following Koch's postulates, this hypothesis cannot be confirmed without an experimental infection, and for this reason further studies should be conducted. While some aspects of the nuclear morphology and reproduction by binary fission of MPX were elucidated in the present study, detailed knowledge of the MPX life cycle nevertheless remains to be obtained.
In the present work, several free-swimming MPX ciliates were observed, and the description of the living ciliates was reported. In order to taxonomically identify this ciliate, a complete description should be performed following a silver stain impregnation (e.g. Klein's method). Ideally, to obtain a sufficient number of ciliates to perform this staining, a culture remains essential but the predominant intracellular localisation of the MPX makes its cultivation challenging. While phylogenetic analysis seems to confirm that MPX belongs to the order Rhynchodida it has also highlighted the current lack of molecular data on other members of the subclass Rhynchodia. Phyllopharyngea species deposited in GenBank and, when possible, the sequences of the species that showed the highest similarity with the obtained sequencing product in nucleotide BLAST for each family of Ciliophora reported by Gao et al. (2016) .
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Phylogenetic trees were generated on the basis of maximum-likelihood probability with a PhyML mode using SEAVIEW and the confidence levels were calculated using bootstrapping (1000 replicates). Bootstrap values under 50% are omitted. Figure 7 : Phylogenetic analysis of MPX SSU gene sequence with the sequences of Phyllopharyngea species deposited in GenBank and, when possible, the sequences of the species that showed the highest similarity with the obtained sequencing product in nucleotide BLAST for each family of Ciliophora reported by Gao et al. (2016) .
Phylogenetic trees were generated on the basis of maximum-likelihood probability with a PhyML mode using SEAVIEW and the confidence levels were calculated using bootstrapping (1000 replicates). Bootstrap values under 50% are omitted. 
